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CONFERENCE PAPER 
Computer simulation of the effect of 
pre-oxidation in erosion-corrosion 
environments 
M M Stack, F H Stoti and G C Wood 
Corrosion and Protection Centre, University of Manchester Institute of Science and 
Technology, PO Box 88, Manchester M60 IQD, UK 
Abstract. The combined effects of erosion and corrosion can lead to a number of 
material wastage scenarios in industrial environments. In some cases, for example 
at high temperatures in fluidized bed environments, the wear may be corrosion 
dominated where chipping of an oxide scale is the predominant process, while in 
more aggressive environments such as gas turbine conditions, formation of a 
protective scale may never occur. Thus, pre-oxidation lo form a protective scale or 
coating of a substrate may be effective in reducing material loss in corrosion- 
dominated environments since particle energies may be low enough to prevent 
significant deformation of the underlying surfaces. 
scale or a coating on a metal substrate. Tnis modei uses wmpuier graphics io 
demonstrate the sequential stages of erosiorW2Orrosion. By incorporating 
established erosion and corrosion algorithms to calculate the wastage rate, the 
surface topography and extent of wear can be shown after exposure to erosion- 
wrrosion conditions of valying severity. Thus, one can extrapolate from this 
technique whether erosion of oxide or metal is likely to be dominant wastage 
mechanism. 
This model was developed to describe the erosioworrosion of a preformed 
oxide scale on a metal and comparisons are made between the erosion results for 
pre-oxidized surfaces and the graphics after computer simulation of erosion- 
corrosion. However, since the factors which determine adhesion of a preformed 
scale may be similar in many respects to those of a coating, the model may 
equally describe the erosion-2orrosion behaviour of a coated metal. Hence, the 
paper shows the stages of the model development and compares the experimental 
results with those of the model. 
4 =mpu!ar mndnl has been developed to simulate the erosion of a preformed 
1. Introduction 
The synergistic effects of erosion and corrosion on the 
degradation of materials have led to much research in 
recent years. This i s  because these processes occur in 
various industrial environments, ranging from pul- 
verized-fuel boilers, to the turbine blades of jet 
engines. More recently, erosionxorrosion has been 
recognized as a limiting factor in advanced coal-con- 
version technologies such as fluidized-bed combustion, 
as high wastage rates at relatively low temperatures 
have been reported for various steels in pilot plants. 
This has led to the construction of laboratory rigs to 
Presented at the Internatiooal Conference an Frontiers of 
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simulate erosionxorrosion, and trends have emerged 
of the effects of the various process parameters on the 
wastage in these environments. 
The results have shown that the extent of wastage 
depends on a wide variety of parameters such as tem- 
perature, impact energy, size, loading, and angularity 
of the particles and composition and mechanical 
properties of the alloy. A distinctive trend of wastage 
with temperature has been identified, with the wastage 
increasing with increasing temperature when erosion 
of metal, or transient oxide to the scale/metal interface 
i s  the dominant process between a specific number of 
impacts. The wastage decreases with increasing tem- 
perature when the scale formed during erosion i s  suf- 
ficiently thick not to be removed down to the scale/ 
metal interface between a similar number of impacts 
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[l-31. Thus, in low-velocity environments, a peak in 
the wastage versus temperature curve has been 
obtained [I-31 which marks the transition from 'ero- 
sion-corrosion-dominated' to 'corrosion-dominated' 
behaviour. Further work has shown that a transition 
from 'corrosion-dominated' to 'erosion-dominated' 
behaviour occurs if the velocity is increased at a given 
temperature [3,4]. In addition, it has been shown that, 
in environments of constant particle flux, the peak in 
the wastage versus temperature curve moves to higher 
temperatures and wastage rates, with increased vel- 
ocity [I]. Thus, the transition through the erosion- 
corrosion regimes shifts to higher temperatures as the 
particle impact energy is increased. 
Hence, the pattern of wastage is dependent on the 
extents of corrosion and erosion of the surface of the 
material. Since the formation of relatively thick oxides 
in 'corrosion-dominated' conditions is associated with 
reduced wastage rates, the effects of preforming an 
oxide scale on an alloy. and exposing it to erosion- 
corrosion conditions, were investigated. This research 
was undertaken on the basis of other studies, which 
showed that pre-oxidation increased the incubation 
period to sulphidation in corrosive environments [SI, 
and also gave some protection in sliding wear environ- 
ments 161. 
This work has mainly taken the form of laboratory 
studies of pre-oxidized alloys in low-velocity erosion- 
corrosion environments. Pre-oxidized alloys were 
exposed to a range of velocities, temperatures and 
exposure times. As a result, a computer model has 
been developed to simulate the erosion-corrosion 
behaviour of a preformed scale in the different ero- 
sion-corrosion regimes and the results are presented 
below.' These are discussed in terms of the validity of 
such a simulation technique, and how such a model 
can be further modified to simulate the complexity of 
events in defined 'erosion-corrosion regimes'. 
2. Expbrimental details 
2.1. Simulation facilities 
The computers used to evaluate and develop the 
erosion models were BBC BASIC and IBM PC/XT 
microcomputers. For the BBC microcomputer, a direct 
representation of the simulation, as viewed on the dis- 
play screen, was outputted to a printer. For the IBM 
PC, photographs were taken of the display screen to 
illustrate the sequential stages of the simulation model. 
The computer languages used were BBC BASIC, an 
'interpreted programming language and TURBO 
PASCAL (version 5), a faster 'compiled' language. 
The graphics in the latter language permitted modelling 
of the various stages of erosion-corrosion in colour. 
This facilitated differentiation between erosion of pre- 
formed oxide scale, erosion of scale which formed dur- 
ing the erosion process and erosion of the underlying 
metal. 
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Figure 1. Plot of weight loss versus temperature for the 
erosion of lncoloy 800H. Erodent 200 pm silica for the 
times shown (velocity = 1.9 m s-I). Pre-oxidation conditions 
H,/IO%H,O for 20 h at 850°C [4]. (1) 24 h (ground finish), 
(2) 24 h (pre-oxidized), (3) 72 h (ground finish), (4) 72 h 
( pre-oxidized). 
2.2. Erosion-corrosion apparatus 
The erosion-corrosion apparatus consisted of a fluid- 
ized bed of erodent particles, a heating system and 
a specimen holder assembly, and has been described 
elsewhere (41. The apparatus was capable of operation 
in a high concentration of fluidized-bed particles, with 
velocities from 0.9 to 5 m s-' and temperatures up to 
650 "C. The velocity was achieved by rotating the speci- 
men assembly vertically through the bed of particles. 
The erodent used for the tests was silica particles 
(=200pm in diameter), as previous research has indi- 
cated that this is the most erosive component of ash 
The data presented in this paper involved erosion 
of Incoloy 800H, a candidate heat exchanger alloy. It 
is a commercial alloy, based on iron-Zl%chromium- 
32%nickel. Its composition indicates that the oxide 
scale which forms under steady-state oxidation con- 
ditions is essentially chromia, plus any other transient 
oxide which may form in the early stages. Pre-oxidation 
of the specimens was carried out in H2/10%H20 and 
H2/3%H20 gas mixture, as these environments pro- 
duce the most adherent scales [8]. Under such 
conditions, the scale is almost exclusively chromia. 
171. 
3. Results: methodology of the model 
3.1. Experimental erosion-corrosion results on the 
effects of temperature and velocity 
The effects of temperature on the erosion-corrosion of 
pre-oxidized and as-received Incoloy 800H are given 
in figure 1 [4]. The results show that, for the as-received 
alloy after 24 b, the weight loss increased with tem- 
perature up to 500"C, and subsequently decreased with 
further increases in temperature. For the pre-oxidized 
alloy there was no significant difference between the 
weight losses at the lower temperatures, but there was 
some indication that the weight losses were reduced at 
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Figure 2. Variation of weight loss with specimen velocity 
for ground and pre-oxidized lnwloy 800H at 500 "C [4]. 
Erodent 200 Mm silica. Pre-oxidation conditions H,/3%H20 
for 20 h at 850 "C. 
the higher temperatures. For example, no  change in 
weight loss was recorded after erosion at 500°C. This 
was probably due to enhanced scale deformation at the 
higher temperatures, which resulted in an increased 
ability to absorb particle impacts without scale failure. 
After 72h the pattern of weight change versus tem- 
perature was similar for both pre-oxidized and as- 
received surfaces. This indicates that most of the pre- 
formed scale had been removed during this period of 
time. The results show the distinct pattern of wastage 
with temperature which has also been obtained by 
other investigators in comparable environments [i, 21. 
The wastage increases with temperature up  to a critical 
temperature and decreases with further increases in 
temperature. The low-temperature behaviour up to the 
peak wastage temperature marks the transition from 
erosion-dominated behaviour, where erosion of metal 
is the dominant process, to 'erosion-corrosion-dom- 
inated' behaviour where formation and removal of thin 
transient oxide down to the scale/metal interface is the 
dominant process. That erosion of oxide and not metal 
is the predominant process is suggested by the fact that 
between 25 and 500 "C, the Vickers hardness value of 
Incoloy 800H (=3 x yield strength) is reduced by 38%, 
whereas the corresponding erosion-corrosion rale 
increases by 200% [ll]. That these scales are mainly 
transient and contain a greater proportion of the parent 
metal than the thermodynamically favoured oxide, is 
indicated by x-ray diffraction patterns of the alloy 
exposed to the erosion-corrosion conditions [4]. At a 
critical temperature for the alloy in defined crosion- 
corrosion conditions, the scale which forms between 
successive scale removal events becomes sufficicntly 
thick and cohesive to be not entirely removed between 
impacts. Hence, erosion-corrosion occurs due to brittle 
chipping of the scale with further increases in tem- 
perature and thus the wastage decreases accordingly. 
This marks the transition to 'corrosion-dominated' ero- 
sion-corrosion behaviour. 
The effect of velocity also shows a transition 
between the regimes. At low velocities, e.g. 0.9 m s-' 
at 500°C (figure 2), the weight losses for both pre- 
oxidized and as-received alloys were very low, and the 
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Figure 3. Erosion+orrosion map for lncoloy 800H, eroded 
for 24 h in a fluidized bed [4]. Erodent 200 um silica. 
material removal process is 'corrosion dominated'. As 
the velocity increases for the as-received alloy, the 
weight loss increases rapidly above 1.4 m s-I, thus 
marking the transition to 'erosion-corrosion-domin- 
ated' behaviour. However, this transition is not 
achieved until 2.9 m s-' for the pre-oxidized specimen, 
thus indicating that pre-oxidation increases the tran- 
sition velocity from 'corrosion-dominated' to 'erosion- 
corrosion-dominated' behaviour, in these conditions, 
and hence showing its potential benefit. 
An erosion-corrosion map (figure 3), can be drawn 
which shows the transition between the above regimes 
for :he as-received aiioy , \,viih ci?xngc> i! ~ ~ u r l ~ : , ~ ~  -0; 
corrosion being denoted by variations in velocity and 
temperature respcctively. The boundaries between the 
regimes are very approximate and a method of defining 
these has been outlined [9 ] .  The results on the effects 
of temperature and velocity can also be used to define 
some of the boundaries, and these are indicated by 
'x's on the map. It can be seen from the map that if 
the temperature is fixed at 500°C and the velocity 
increased, a transition from 'corrosion-dominated' 
behaviour occurs at approximately 1.4 m s-'.  If the vel- 
ocity is increased further, a transition to 'erosion-dom- 
inated behaviour occurs. Similarly, if the velocity is 
fixed I t  1.9 m E-'  a d  the temperature increased. tran- 
sitions through each of the regimes take place. Thus, 
slight changes in the erosion or corrosion variables can 
alter fundamentally the mechanism of wastage of the 
surface. 
The simulation model development to follow has 
consisted of initially simulating erosion of ductile and 
brittle surfaces. These simple simulations have been 
incorporated to simulate erosion of a preformed scale 
on an alloy in the different erosion-corrosion regimes, 
as defined above. The model illustrates the transition 
through the regimes with the changes in erosion-cor- 
rosion parameters. 
3.2. Development of simple simulation models of ero- 
sion and deformation 
These models developed in BBC BASIC provided the 
framework for subsequent erosion-corrosion models 
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Flgure 4. Variation of erosion rate versus impact angle for 
ductile aluminium and brittle alumina [ll]. 
which were programmed in TURBO PASCAL at a 
later period of the research. The initial approach was 
based on that of Smith and Obaldestein [lo], who did 
some atomistic simulations of erosion in two dimen- 
sions, The outline of the existing model is as follows. 
(i) A surface is drawn initially and divided into seg- 
ments. This involves drawing a line at the top of the 
computer screen and assigning a set number of pixels 
or points on the line as a segment of that surface. 
(ii) A random-number generator is used to select a 
segment for erosion, to simulate random impacts of 
particles on specific sites on the surface. The amount 
of segment which is removed is dependent on the pre- 
vailing erosion process. 
(iii) The topography of the surface is drawn after a 
specific number of impacts. 
A program was initially written to simulate the erosion 
of a surface in a Monte Carlo fashion. This meant that 
the erosion process was purely random and, hence, 
‘peaks’ on the surface had an equal probability of 
removal as ‘troughs’. Clearly, this is an unrealistic 
simulation of erosion in practice, as ‘peaks’ would be 
more unstable than ‘troughs’ and, thus, would erode 
preferentially. The results of this simulation show the 
formation of an increasingly irregular surface with no 
defined pattern to the impact process [ll]. 
A second program was written to incorporate a 
probabilistic approach to erosion-corrosion. Here, the 
probability of removal of a segment of a surface dep- 
ends on the impact angle that it presents to the erodent. 
The impact angle 0 is determined from the difference 
in vertical heights divided by the horizontal distance 
between neighbouring segments of the line. For this 
particular case the erosion process was assumed to be 
‘ductile’ and the probability of removal was weighted 
according to the classic erosion rate versus impact angle 
curve for ductile metals [12] (figure 4). For con- 
venience, the spectrum is divided into impact angles of 
5” (e.g. 5”, lo”, 15”, etc) and an approximate value to 
the nearest whole number is calculated to define the 
amount of surface removed. Thus, for every 5” change 
in impact angle, a new probability of removal of 
material is assigned to a segment of surface. This is a 
Figure 5. Computer simulation of the erosion of a flat 
surface where the probability of removal of a segment of a 
surface is dependent on the impact angle that it makes 
with the erodent. The horizontal line represents the original 
surface. The number of impacts was 25000. 
Figure 6. Computer simulation of plastic deformation of a 
surface, resulting in no net material removal. The 
horizontal line represents the original surface. The number 
of impacts was 25000. 
simplistic notion of erosion in that it assumes that each 
impact results in material removal. In addition, it may 
r not be accurate to suggest that ‘ductile erosion’ implies 
peak weight losses at shallow impact angles only, as 
this impact angle at which the peak erosion rate occurs 
has been shown to depend on particle angularity [13] 
and alloy composition [14]. However, the resulting 
simulation (figure 5) shows that it is more realistic than 
the earlier Monte Carlo simulation [ll]. It can be seen 
that the ‘peak’ at A, which develops after 5000 impacts, 
is flattened after 10000 impacts at B, and the ‘trough’ 
at C, which forms after 15000 impacts, is widened after 
20000 impacts at D. Hence, assigning a probability 
relationship based on the known variation of erosion 
rate versus impact angle gave a more realistic simu- 
lation of the erosion process. 
The next stage in the model development was to 
simulate plastic deformation during a ductile erosion 
process. Again, the probability of material removed is 
weighted according to the impact angle that it makes 
with the erodent. This was simulated crudely by 
assuming that at each deformation point SO% of the 
material removed is redistributed to the adjacent sites. 
Figure 6 shows the simulation results after five sets of 
5000 consecutive impacts. The horizontal line rep- 
resents the original surface. These results suggest that it 
may be unrealistic to assume that, during deformation, 
50% of the material removed is redistributed to adjac- 
ent sites. The model was thus further refined to incor- 
porate redistribution of material to a multitude of 
adjacent points on either side of the impact points. 
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Also, since the amplitude of the deformed surface 
becomes greater with increasing impacts, a rule was 
introduced whereby, above a certain level of deform- 
ation, removal of material resulted. Since deformation 
is observed to be a precursor to brittle erosion of a 
preformed oxide [4], it was thought that the above 
ideas could be incorporated into a simulation model of 
erosion-corrosion of a preformed scale on a metal. 
3.3. Development of a simple model to simulate the 
erosion-eorrosion of a pre-oxidized alloy in a variety of 
erosion-corrosion regimes 
This model, written using TURBO PASCAL on an 
IBM PC, incorporated a graphical representation of 
erosion allowing differentiation between erosion of 
metal and oxide. Hence, if the amount of oxide present 
on the surface is calculated, the boundary between the 
scale/metal interface and the scale/gas interface is 
filled with a different colour than that of the metal and, 
thus, the amount of oxide remaining on the surface 
can be gauged after the simulation program is run. 
The amOunt of matefial removed was determined 
by a simple erosion model as fol10ws, where E’ the 
dimensionless erosion rate, is given by 
Figure 7. Computer simulation of the sequential stages of 
the e ros io~orros ion  of a pre-oxidized surface in  Gerosion- 
corrosion-dominated conditions. (a) Cross section of the 
surface after 400 impacts showing deformation and ‘brittle 
erosion’ of the scale. (b) Surface of the specimen after 
1600 impacts. Here, most of the preformed scale has been 
removed leading to the formation of non-protective oxides 
on the surface. 
E = Kvnf(e) (1) 
where K is a constant, V is velocity, n is the velocity 
exponent (typically 2-3 for ductile metals and 3-5 for 
brittle materials) and ,g is the impact angle. I~ environ- 
merits in which both erosion and oxidation occur, the 
weight change after a given time, AW, comprises the 
weight gain due to oxidation and the weight loss due 
to erosion, e.g. 
(2) 
change in erosion energy is calculated on the basis of 
equation (I), where the velocity exponent is assumed 
to be -2.5 for metak and -3 for Oxide. 
The simulation process consists of initially growing 
a preformed oxide scale of a given thickness on a metal 
surface. Since the stages in the erosion process involve 
deformation of the scale leading to brittle fracture, two 
colours were used to distinguish between deformation 
and brittle erosion: grey and white. The sequential 
where K1 is the oxidation rate constant (assuming para- stages of the simulation of the erosion of the pre- 
bolic scale growth), K ,  is the erosion rate constant and oxidized alloy in the ‘erosion-corrosion-dominated’ 
f is the exposure time. Here, the oxidation rate on regime are as follows. After 400 impacts, most of the 
the surface is assumed to be parabolic, although it original preformed scale remains. Much of the surface 
is acknowledged that this can only be a reasonable undergoes deformation, but, in two isolated sites, 
assumption in the ‘corrosion-dominated’ regime [4]. ‘brittle erosion’ has occurred (figure 7(a)) .  However, 
Thus a linear oxidation rate is assumed for simulation after a simulation of 1600 impacts, the situation has 
in the ‘erosion-corrosion-dominated’ regime. In radically changed; some residual preformed scale is 
addition, a linear erosion rate has been assumed, present, but most of it has been removed, leading to 
although there is some indication that, at high tem- the formation of thin transient oxide on the surface 
peratures, the erosion rate may slow down with time (figure 7(b) ) .  For the surface after 3200 impacts (figure 
and thus be non-linear, due to enhanced scale deform- 8(a)), none of the preformed scale remains and the 
ation [4]. However, this bas not yet been considered surface consists now of a thin oxide overlaying the 
in the model development. substrate (dark grey area). Note that the wastage in 
The basis of the model in the ‘erosion-corrosion- this case is significantly greater than in figure 7(b) .  If 
dominated’ regime is that oxide is continually formed the as-received surface is exposed to similar erosion- 
and removed down to the scale/metal interface, corrosion conditions (figure 8(b)),  the cross section of 
between successive scale removal events. Thus, the the surface is similar to that of the pre-oxidized surface 
surface consists of a receding scale/metal interface cov- (figure S(a)) .  However, in this case the wastage is 
ered by a thin oxide scale. Modelling the ‘erosion- higher than for the pre-oxidized alloy and, thus, is in 
dominated’ regime involves effectively ignoring the agreement with laboratory results which show that, 
corrosion term in equation (2) above. Hence, any when the preformed scale has been removed, the 
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Figure 8. Comparison of erosion-corrosion simulations for 
the pre-oxidized and as-received specimens, in ‘erosion- 
corrosion-dominated conditions. (a) Pre-oxidized surface 
after 3200 impacts. (b) As-received surface after 3200 
impacts. Note that the metal wastage is greater than in (a), 
although the surface morphologies are similar. 
extent of wastage is less than that of the as-received 
alloy (figure 1). 
If erosion-corrosion of the pre-oxidized alloy is 
simulated in ‘erosion-dominated’ conditions, it can be 
seen that there is some residual preformed scale on the 
surface (figure 9(a))  as indicate by the traces of the 
white (oxide) layer overlying the dark grey (metal) 
layer. Since corrosion is negligible in these conditions, 
removal of scale is followed by erosion of the substrate. 
This marks a transition from ‘brittle’ to ‘ductile’ 
erosion. If the erosion energy is increased by increasing 
the velocity, such that the erosion rate is twice that in 
figure 9(a),  the preformed scale is totally removed. In 
this case erosion of the metal is the dominant process, 
and the extent of wastage is significantly higher than 
for the lower particle energies (figure 9(b)). 
4. Discussion: evaluation of the effectiveness of 
the simulation technique 
The simulation models demonstrate the interaction 
between the erosion-corrosion regimes by adjusting 
the values of the main erosion-corrosion parameters 
which are velocity, oxidation rate and particle loading. 
In addition, the model can distinguish between ‘brittle 
erosion’, ‘ductile erosion’ and deformation. The model 
also offers the option of calculating the extent of wast- 
age by inspection of the depth of wastage as displayed 
on the computer screen. Hence, if the original surface 
thickness is related to the height of the computer 
screen, a conversion factor can be used to assess the 
Flgure 9. Computer simulation of the erosion-corrosion of 
a pre-oxidized surface in ‘erosion-dominated conditions. 
(a) Eroded surface after 3200 impacts, showing that when 
the scale is removed erosion of metal is the dominant 
process. (b) Eroded surface after 3200 impacts, when the 
erosion rate is twice that of (a). 
depth of penetration. Thus, the model may be a poten- 
tially useful tool for analytical purposes, if parameters 
such as the erosion and oxidation rates of a surface 
and thickness of the material can be correlated math- 
ematically with the size of the computer screen. 
The model is currently being developed to dis- 
tinguish between erosion of transient and steady-state 
scale. Since transient scale contains a greater pro- 
portion of the base metal than the steady-state scale, 
this can be depicted by different graphical rep- 
resentations of metals in the oxide layers. A more 
detailed model of the erosion-corrosion regimes has 
been devised in which more than one regime is oper- 
ating at one particular time, for example erosion of 
a mixed oxide/metal system. Differentiation between 
erosion-corrosion of alloys which form different pre- 
formed layers and transient oxides is also being addres- 
sed. 
The model also assumes a constant particle size and 
geometry. A more advanced simulation of erosion- 
corrosion is being developed to account for the contact 
radius that a particle makes during impact, which dep- 
ends on particle shape and size. Thus, the amount of 
material removed relative to the sizes of the particles 
can be more accurately represented. Other factors 
which will he addressed include the differences in 
mechanisms of material removal, the erosion resist- 
ances of different alloys and oxides, and particle angu- 
larity and chemical reactivity. 
Modelling erosion-corrosion intrinsically involves 
using a form of the equation (2), where the overall 
weight change is dependent on the weight gain due to 
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oxidation and the weight loss due to erosion. This is a 
very basic analysis of erosion-corrosion as the oxid- 
ation rate on the surface may vary from logarithmic, 
linear, paralinear through to parabolic, depending on 
the time between impacts and the erosion temperature. 
Also, the values of the erosion rate constant change, 
depending on the extent of oxidation on the surface. 
For example, metal, adherent scale and transient oxide 
are all likely to have different erosion resistances, 
which would be reflected in the value of the erosion 
rate constant, K,. Thus, the value of K, may also 
change with K , ,  depending on the prevailing erosion- 
corrosion regime. This is the reason why precise model- 
ling of such a complex process as erosion-corrosion 
requires certain assumptions to be made about the 
process. 
However, the approach does give an indication of 
the erosion-corrosion behaviour of a pre-oxidized 
alloy, in the various erosion-corrosion regimes. Since 
the erosion-corrosion of a preformed scale is analogous 
to that of a coating, the model can be  adapted to 
simulate the erosion-corrosion of a coated substrate. 
Further refinement of the model will involve incor- 
poration of more detail in the erosion and corrosion 
algorithms and in the computer graphics to account for 
the factors outlined above. 
5. Conclusions 
(i) A computer model has been developed to simu- 
late graphically erosion-corrosion of pre-oxidized 
alloys in defined erosion-orrosion regimes. 
(ii) The extent of erosion-corrosion occurring on 
the surface is estimated using established corrosion and 
erosion relationships. 
(iii) The transitions between the erosion-corrosion 
reigmes are simulated by variation in parameters such 
as corrosion rate, erodent velocity and loading. 
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